Abstract Fourteen indigenous microalgal samples from Malaysia were isolated, purified and cultured from fresh, brackish and marine waters. The ability of the microalgae to be natural sources of antioxidants was studied by a screening test using three antioxidant chemical assays [ferric thiocyanate (FTC), thiobarbituric acid (TBA) and 1, 1'-diphenyl-2-picrylhydrazyl (DPPH)]. The results showed that six microalgal methanolic crude extracts (Isochrysis galbana, Chaetoceros calcitrans, Scenedesmus quadricauda, Chlorella vulgaris, Nannochloropsis oculata and Tetraselmis tetrathele) were active in inhibiting the lipid peroxidation of linoleic acid. Among all the microalgae, I. galbana and C. calcitrans showed the highest antioxidant activity (>90%) in FTC and TBA assays, indicating that these microalgae might contain active compounds for protection from lipid peroxidation. Nutritional analyses were performed on microalgae with high antioxidant activities (I. galbana and C. calcitrans) in order to investigate their nutritive value. Both microalgae were found to be rich in nutrients. For examples, I. galbana had average percentage composition of protein, carbohydrate, and lipid, as 47.9±2.5; 26.8±0.2; 14.5±1.4%, respectively, while the corresponding values for C. calcitrans were 36.4±
Introduction
The commercial use of microalgae has been enormous, due in part to their great species diversity and that they are easily mass produced. However, the biodiversity of microalgal species, comprising over several thousand species with 11 divisions (Tomaselli 2004) , represents a source that is practically unexplored. It has been estimated that therebiochemical and physiological point of view, or kept in collections around the world (Olaizola 2003) . In addition, very few algae (probably less than 1% of known species) have been screened for pharmaceutical activities, leaving a large and still untapped reservoir of potential new products and applications of microalgae (Radmer and Parker 1994) .
There are numerous reports on bioactive compounds in microalgae that have curative powers, particularly from tropical and subtropical species (Stein and Borden 1984; Metting and Pyne 1986; Cannell 1993) . In contrast, limited screening programs have been conducted due to the scarcity of expertise in phycological research and industrial production. Since microalgae have been suggested to have the ability to cope with exposure to aquatic environmental stresses that increase cellular levels of reactive oxygen species (ROS) (Sigaud-Kutner et al. 2002) , they are hypothesized to have antioxidant activity due to their high pigment content. Although many synthetic antioxidants, such as butylated hydroxyanisole and butylated hydroxytoluene, are available (and have been used to retard lipid peroxidation in many fields), their use is under strict regulation due to their potential health hazards (Bran 1975) . Therefore, the search for natural antioxidants as alternatives to synthetic products is of great interest, particularly in the food industry, since they prevent rancidity of fats and oils in food products (Kikuzaki and Nakatani 1993; Shahidi and Wanasundara 1997) .
Other than their antioxidant properties, microalgae are well known for their high nutritional content, including proteins, carbohydrates, lipids, essential amino acids, polyunsaturated fatty acids (PUFAs), vitamins, minerals and non-caloric dietary fibers. Yamaguchi (1997) stated that microalgae play an important role in food, food/feed additives and feed supplements for humans and animals. The beneficial value of microalgae could be transferred to humans and animals throughout the food chain (Kumar and Singh 1976) . Various microalgal species have become a preferred natural feed for many aquaculture organisms, including oysters, mussels, brine shrimp and fish larvae (De Pauw and Persoone 1988) . Nakagawa et al. (1981) , cited by Yamaguchi (1997) , showed that a diet of dried microalgal biomass or extracts could improve the quality of cultured fish, particularly in terms of enhancing resistance to disease and improvement of flesh quality. Due to its high protein content, microalgae could be also the answer to the protein shortage in the world, and microalgae have been suggested by Shelef and Soeder (1980) as a possible replacement to animal protein for direct consumption by humans. The combination of high antioxidative activities and high nutritional content would boost the market value of microalgal species. Thus, this study aims to discover new natural sources of microalgae that exhibit high antioxidant values and high nutritional content.
Materials and methods

Marine microalgal samples
Marine microalgal samples, (1) Pseudanabaena tenuis, and Plankthotrix sp. and (2) brackish water samples such as Cymbella sp., Navicula sp., Oscillatoria sp., were collected from shrimp ponds in Sepang (2°37N, 101°26'E) and Banting (2°48N, 101°24'E) 
Preparation of sample extracts
Pure cultures prior to the stationary phase of growth (6-7 days) were collected and harvested at 10,000 rpm for 3 min (5810R Eppendorf; http://www.eppendorf.com). Collected microalgal cells for antioxidant screenings were soaked in methanol for 4 days and extracted three times. The extracts were then filtered using cotton to eliminate unwanted residues, and rotary evaporated under reduced pressure at 30°C (water temperature) (Buchi Rotavapor R200; BÜCHI Labortechnik, Switzerland) and lyophilized. Algal cells for nutritional analysis were freeze-dried at −50°C at 150 mTor for 3 days. All microalgal methanolic crude extracts and water extracts were kept at −80°C until further use.
Antioxidant assays
The ferric thiocyanate (FTC) assay (Osawa and Namiki 1981; Kikuzaki and Nakatani 1993) was used to measure the amount of peroxides formed during the initial stages of lipid oxidation. Methanol microalgal crude extracts (4 mg) were dissolved in 4 mL 99.5% absolute ethanol. Distilled water (3.9 mL) was then added with 8.0 mL buffer solution and 4.1 mL 2.51% linoleic acid (Sigma, St. Louis, MO). All sample solutions were kept in screw-capped vials (∅38 x 75 mm) and placed in an oven at 40°C in the dark. Starting from day zero to the final stage of the assay, 0.1 mL of the mixture from a sample test tube (∅13 x 150 mm) was used. Into each tube, 9.7 mL 75% (v/v) aqueous ethanol and 0.1 mL 30% aqueous ammonium thiocyanate were added. After that, 0.1 mL 0.02 M ferrous chloride (FeCl 2 ·4H 2 O) in 3.5% hydrochloric acid was added to the reaction mixture. Precisely 3 min after the addition of hydrochloric acid, the absorbance was measured at 500 nm. The measurement was taken every 24 h until the day after the absorbance of the control reached the maximum value. For the thiobarbituric acid (TBA) assay (Kikuzaki and Nakatani 1993) , the same samples as for the FTC method were used. For 2 mL sample solution from the FTC method, 1 mL 20% aqueous trichloroacetic acid (Wako, Tokyo, Japan) and 2 mL 0.67% aqueous thiobarbituric acid (Wako) were added. These mixtures were then placed in a water bath at 100°C for 10 min. After cooling, the samples were centrifuged at 3,000 rpm for 30 min. The amount of malondialdehyde was measured by reading the absorbance at 532 nm. The antioxidant activity for both assays was calculated on the final day of the assays and described by percent inhibition using the following formula as described by Ahmad et al. (2005) :
Radical scavenging activity of microalgal extracts against stable 1, 1-diphenyl-2-picrylhydrazyl (DPPH) free radical (Wako) was also determined (Cottelle et al. 1996) . Different concentrations of microalgal extract samples were prepared in 96-well microtiter plates. For each 100 μl of each sample, 5 μL DPPH methanolic solution was added (final concentration 300 μM). The plate was shaken to ensure that all the samples were well mixed before being placed in the dark by wrapping in pieces of white paper. After 30 min, the absorbance of the mixtures was read at 517 nm using a ultraviolet light reader. Percentage inhibition by DPPH in samples was determined by comparison with the methanol-treated control group and calculated using the following formula:
Positive controls for all of the antioxidant assays consisted of quercetin, vitamin E (α-tocopherol) and butylated hydrotoluene (BHT).
Nutritional analysis
Proximate chemical analysis of the samples was determined according to methods modified from Meyer and Walther (1988) . Fatty acid methyl esters (FAME) were prepared using the direct methylation technique (Divakaran and Ostrowski 1989) . FAME in the samples were analyzed using a gas liquid chromatograph, with helium as the carrier gas (Shimadzu GC-8A, Japan) and equipped with Supelco 2330 capillary column. The column temperature was programmed from 150°C to 190°C at a ramp rate of 3°C min −1 ; the injector and detector temperatures were 250°C
and 280°C, respectively. The fatty acids were identified by comparison with the retention times of known standards (Sigma). A Chromatopac (Shimadzu C-R3A) was employed to quantify the magnitude of the peaks of each chromatographic reading. Amino acids were determined following the method of Sánchez-Machado et al. (2003), where samples were derived with phenyl isothiocyanate, and the resulting phenylthiocarbamyl amino acids were then separated by reversed phase high performance liquid chromatography (HPLC) with UV detection at 254 nm.
Statistical analysis
Collected data were analyzed using analysis of variance or t-test procedures. Significant differences between treatments were tested using Duncan's multiple range test (DMRT). Statistical analyses were carried out using Statistical Package for the Social Sciences (SPSS) 10.0.
Results
Antioxidant activity from microalgal crude extracts
Of the four microalgal divisions studied, microalgal samples from three divisions (Prymnesiophyta, Bacillariophyta and Chlorophyta) showed antioxidant activities, while Cyanobacteria were inactive. From the total of 14 microalgal samples isolated, purified and screened, six methanolic crude extracts showed high percentages (P <0.05) of linoleic acid peroxidation (LAP) inhibition compared to vitamin E (α-tocopherol) as a positive standard (Table 1) . The prymnesiophyte Isochrysis galbana, and the diatom Chaetoceros calcitrans showed the highest percentage (P< 0.05) of inhibition, followed by the chlorophytes Scenedesmus quadricauda, Chlorella vulgaris, Nannochloropsis oculata and Tetraselmis tetrathele in the FTC assay. The results of the TBA assay, which measures the malondialdehyde content at a later stage of lipid oxidation, showed similar levels of peroxidation inhibition to the FTC assay results (Table 1) . Meanwhile, eight other samples were found to be inactive in inhibiting lipid peroxidation (Table 2 ). Low inhibitions of lipid peroxidation (lower than the control) were recorded for three periphyton species (Navicula sp., Cymbella sp. and Oscillatoria sp.). Five other samples (Skletonema costatum, Pseudanabaena tenuis, Trachelomonas sp., Plankthotrix sp. and Oocystis sp.) showed LAP inhibition lower than that of the standards, but higher than the control. Similar patterns of low inhibition could be observed for the TBA assay, where all eight microalgae showed low inhibition of malondialdehyde compared to the positive standards. On the other hand, all crude extracts were inactive in the DPPH radical scavenging assays (Table 3) , although tested in high concentration (1,000 μg L
−1
). Samples that showed high inhibition for LAP did not show similar inhibition towards free radicals. In general, none of the microalgal samples tested were good radical scavengers.
Proximate analyses
The two microalgae (I. galbana and C. calcitrans) that exhibited the highest antioxidant activity had protein as the main chemical component (>36% dry weight), with lower amounts of carbohydrate (<27% dry weight) and lipid (<14% dry weight) (Table 4) . Analysis showed that I. galbana had higher (P<0.05) protein than C. calcitrans, with > 40% of protein content. The gross compositions of other nutrients were similar, and no significant differences were detected. In general, protein, carbohydrate and lipids accounted for 89.2% of total dry weight in I. galbana and 79.3% in C. calcitrans. The remaining dry weight consisted of ash (mineral components) and, presumably, fiber (Table 4) .
Biochemical analyses
Two microalgae exhibited a predominance of myristic acid in their body, with 19.0±0.2% in I. galbana: and 9.7±1.4% in C. calcitrans (Table 5 ). Other major fatty acids (>10%) present in I. galbana were oleic acid and docosahexaenoic acid, whereas C. calcitrans showed high fatty acid compositions of palmitic acid and eicosapentaenoic acid. Both Isochrysis and Chaetoceros species contained more than 30% PUFA, with a content of 34.5±1.8% and 40.2± 2.5%, respectively. A total of 16 amino acids were recorded (Table 6 ). In general, the differences in the levels of specific amino acids between both microalgae (I. galbana and C. calcitrans) were very minor, and only few significant differences were detected. Phenylalanine, alanine, glutamic and aspartic acid were found in high concentrations in both microalgae, with values ranging from 6.3% to 10.2%. Meanwhile, the lowest amino acid content (<4%) for both microalgae were for histidine and valine, with values ranging from 1.3% to 3.6%. The highest amino acid content in I. galbana was glutamic acid, at 10.2±1.3%, and the highest in C. calcitrans was alanine at 10.0±1.4%. Nutritional analyses of other microalgae exhibiting high antioxidative activities have been reported previously by Yusoff et al. (2004) .
Discussion
This study has revealed that some microalgae can significantly inhibit lipid peroxidation. All of these activities indicate that such microalgae have the possibility of being utilized as natural antioxidant sources. Initial results showed that all six methanolic microalgal crude extracts (Isochrysis galbana, the diatom Chaetoceros calcitrans and chlorophytes Scenedesmus quadricauda, Chlorella vulgaris, Nannochloropsis oculata and Tetraselmis tetrathele) exhibited stronger antioxidant activity (P<0.05) than the positive control (α-tocopherol), despite the fact that Larson (1988) reported that α-tocopherol is the most biologically active antioxidant compared to the other three major tocopherol forms (β, γ and δ). All active microalgal species showed a antioxidant activity lower (P<0.05) than the synthetic antioxidant BHT. However, antioxidants such as BHT and butylated hydroxyanisole (BHA) are questionable in terms of their safe use, since they are believed to be carcinogenic and tumorigenic if given in high doses (Bran 1975; Whysner et al. 1994; Aruoma 2003 ); e.g., BHA has been shown by Schildermann et al. (1995) to induce cancer in the rat fore stomach. Regardless of the risks due to high levels of toxicity, BHA and BHT are still being used in the food industry due to their high antioxidant properties (Papas 1999) . Since most of the microalgae in this study showed high lipid peroxidation inhibition, they could be used as substitutes to replace harmful synthetic antioxidants as well as alternative sources of compounds preventing quality deterioration of foods, thus maintaining their nutritional value. To the best of our knowledge, this is the first report on LAP inhibition using microalgal extracts.
Although current results showed that all microalgae were poor as radical scavengers, further modifications on microalgal extract preparations showed an increment on this activity (data not shown).
The present study has shown that different microalgal groups and species exhibit different levels of antioxidative activities. It was also observed that every microalgal division has its own distinctive pigments. Therefore, there is a possibility that the photosynthetic pigments and carotenoids that determine algal coloration are the constituents responsible for the antioxidant activity. Blaine and John (1986) stated that the concentration of microalgal pigments may vary depending on the species, thus illustrating that the activities of certain microalgae may also differ from one another. Screening results by Matsukawa et al. (1997) and Yan et al. (1999) demonstrated that green algae and red algae are less active as antioxidants than brown algae. These facts are in agreement with the results obtained in this study, where I. galbana and C. calcitrans (browncolored algae) were found to be more active than the other microalgae in the FTC and TBA assays. High antioxidant activity from brown algae (Sargassum polycystum) was also found by Anggadiredja et al. (1997) using the FTC method.
Other than antioxidant activity, the results of this study clearly showed that these microalgae possess good proximate and biochemical content that would be beneficial to humans and animals. Spolaore et al. (2006) stated that the addition of microalgae could enhance the nutritional content of conventional food preparations. This indicates that microalgae can be good sources to be used in the nutraceutical industry. The microalgal species used in this study (I. galbana and C. calcitrans) are among the most commonly used microalgal species in marine fish larviculture (Sukenik and Wahnon 1991) . Even though both microalgae have been extensively used in aquaculture systems, mainly as feed, there have been no reports to date on the possible human consumption of either microalga.
In the present study, protein was found to account for more than 30% of the total gross composition in I. galbana and C. calcitrans. The high protein content, when compared to other nutrients (carbohydrate and lipid) was in accordance with values reported by Brown et al. (1993) , Renaud et al. (2002) and Yusoff et al. (2004) . This study also showed that both I. galbana and C. calcitrans contained amino acids essential for humans. In addition, nonessential amino acids, including aspartic acid, glycine and glutamic acid, have been shown to play a key role in the process of wound healing in rats (Chyun and Griminger 1984) .
Currently, increasing attention has been given to algae with high lipid content due to their ability to produce high fatty acids and oils (Apt and Behrens 1999) . The present study has shown that both microalgae studied have a high fatty acid content, which could be beneficial. Fatty acids have been reported by various researchers to serve important functions in the cosmetics, pharmaceutical, nutraceutical and aquaculture industries (Simopoulos 1989; Renaud et al. 1999 ). PUFA have also been shown to play a protective role against free radicals, which are known to have an aging effect on skin (Servel et al. 1994 ). The present study revealed that C. calcitrans showed a higher eicosapentaenoic acid content than I. galbana. In contrast, Isochrysis sp. contained considerable amounts of docosahexaenoic acid, which is similar to the findings reported by Volkman et al. (1981) and Shamsudin (1992) . In general, both species (Isochrysis sp. and Chaetoceros sp.) contained a high content of long chain PUFA, which provides essential energy and organic nutrients for the growth and development of larvae and young aquatic organisms (Ben-Amotz et al. 1987; Whyte et al. 1989 ). These influence in some way the nutritional value of aquatic herbivores, as well as economic aspects of their culture. Based on the data presented, it is clear that the prospects of microalgae as sources of natural products are very promising. The findings show that they could serve as vast sources of potential substances for further development through more detailed studies, particularly as antioxidant resources. Additionally, microalgae with high antioxidant activity were also found to have high nutritive value. The combination of both superior values (antioxidant and nutrition) make microalgae worth exploring for industrial utilization in the future.
